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Asymptotics and lower bound for the lifespan of solutions to
the Primitive Equations

Frédéric Charve*

Abstract

This article generalizes a previous work in which the author obtained a large
lower bound for the lifespan of the solutions to the Primitive Equations, and proved
convergence to the 3D quasi-geostrophic system for general and ill-prepared (possi-
bly blowing-up) initial data that are regularization of vortex patches related to the
potential velocity. These results were obtained for a very particular case when the
kinematic viscosity v is equal to the heat diffusivity +/, turning the diffusion operator
into the classical Laplacian. Obtaining the same results without this assumption is
much more difficult as it involves a non-local diffusion operator. The key to the main
result is a family of a priori estimates for the 3D-QG system that we obtained in a
companion paper.

1 Introduction

1.1 Presentation of the physical models

The Primitive Equations describe geophysical flows located in a large scale at the surface
of the Earth (typically the atmosphere or an ocean) under the assumption that the
vertical motion is much smaller than the horizontal one. Two important phenomena
have to be considered in this case: the rotation of the Earth around its axis and the
vertical stratification of the density induced by gravity.

When the motion is observed in a frame which is located at the surface, the rotation
induces two additional terms in the equations: the Coriolis force and the centrifugal force.
The latter is included in the pressure term and forms the geopotential ®.. The former
induces a vertical rigidity in the fluid as described by the Taylor-Proudman theorem:
under a fast rotation the velocity of all particles located on the same vertical is horizontal
and constant. The influence of the rotation on a fluid motion depends on the fluid time-
space scale and is measured by the Rossby number Ro which basically compares the
frequency of the rotation to the characteristic time of the motion.

Gravity induces a horizontal rigidity to the fluid density: heavier masses lay under
lighter ones. Internal motions in the fluid tend to alter this layered structure but gravity
tends to restore it, and the importance of this rigidity is measured by the Froude number
Fr, directly related to the Brunt-Vaiséla frequency and the buoyancy.
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The smaller are these numbers, the more important are these phenomena and in the
present paper, we will consider the Primitive Equations in the whole space and for small
Ro and F'r numbers under the same scale: Ro = ¢ and Fr = ¢F with F' € [0,1]. In what
follows we will call £ the Rossby number and F' the Froude number. The system then
writes as follows:

O U. +v. - VU. — LU. + LAU. = 1(-V@,,0),

div . =0, (PE:)
U€|t:0 = UO,z—:-
The unknows are U. = (v.,0.) = (v}, v2,v3,0.) (v. denotes the velocity of the fluid and

0 the scalar potential temperature, strongly related to the density fluctuation) and &,
the geopotential. The diffusion operator L is defined by

LU, def (vAv., V' AG,),

where v,/ > 0 are the cinematic viscosity and the thermal diffusivity. The matrix A is
defined by

0
0 0
Ffl

We also assume that the sequence of initial data is convergent as £ goes to zero:
Uo,e — Up = (vo, ).
e—0

This system generalises the following rotating fluid system, which adds to the classical
incompressible Navier-Stokes system the Coriolis force and the centrifugal force (e is the
Rossby number):

Opve + ve - Voo — vAv, + 2254 = —Vp,,

divv. =0, (RFL)

Velt=0 = V0

We refer to [3, 24, 31, 32, 12, 37, 7, 53, 47, 48] for a more precise presentation of the
physical models, to [1, 2, 19, 21, 30, 34] concerning the rotating fluids system. We also
mention [28, 43, 20, 50, 51, 52, 49, 12] for results with anisotropic (and possibly evanes-
cent) viscosities and [45] for the stationnary rotating fluid system.

Dividing AU, or v. X eg by € imposes conditions for the limit as e goes to 0, these terms
are said to be penalized. Compared to the classical Navier-Stokes system (NS), (PE;)
and (RF;) introduce a penalized additional term involving a skew-symmetric matrix, so
that for the cannonical scalar product we have AU, - U, = (v: X e3) - v = 0. Therefore
any energy method (relying on energy estimates in L? or in H*/H®) will not see these
penalized terms and will work as for (V.S). Then the Leray and Fujita-Kato theorems
are very easily adapted and provide global (unique in 2D) weak solutions if Uy, € L?

and local unique strong solutions if Uy. € H 3 (global for small initial data). In the



present paper we will consider ill-prepared initial data (with large and blowing up norms
as € goes to zero) for which these fundamental results cannot give us anymore information.

As mentionned before, we are interested in the asymptotics, as the small parameter
e goes to zero (implying a competition between the vertical structure induced by the
rotation and the horizontal structure induced by gravity). As explained in [9, 8], filtering
the fast oscillations helps stabilizing the system: if the rotation and stratification are
strong enough (that is when ¢ is small), then (PE.) has global solutions and all that
remains is the slow motion satisfying the following limit system which is called the 3D
quasi-geostrophic system (it was used in the first half of 20th century for modeling and
forecasting at mid-latitude the atmospheric and oceanic circulation, it is now less used
except for slow motion climate systems) and can be written as the coupling of a transport-
diffusion equation with a Biot-Savart-type law as follows:

O +0v.VQ-TQ=0
U= (U70) = (_827 817 07 _Fa3)A}_7197 (QG)
Q|t:0 = QO7

where the operator I' is defined by:
T AN (002 + 102 + V/ F203),

with Ap = (9% + (9% + Fzﬁg and where we also have Q = 0,U? — 9,U' — FO;U* =
010? — Opvt — F50 and Qg = 0103 — Oavf — F 300 where Uy = (v, 0p) is the limit as e
goes to zero of the initial data Up..

Remark 1 Except in the particular cases v = vV (where I' = vA, see [10] and [30] for
example) or F =1 (where T' = vd? + v03 + /03, see [18]) the operator T' is a non-local
diffusion operator of order 2 and we refer to [16] for a detailed study.

We emphasize that two cases have to be considered with respect to F': the non-dispersive
case F' =1, and the dispersive case F' # 1 (this denomination is explained after Propo-
sition 2). In these settings is proved the convergence of the solutions of (PE.) to the
solution of (QG) as the small parameter ¢ goes to zero. If F' = 1, in [18] the result
for regular well-prepared initial data is proved provided that v and v/ are very close,
in [44] the convergence is proved in the inviscid case. In the case F' # 1 another ap-
proach initiated by [19] consists in using dispersive and Strichartz estimates in order
to filter fast oscillations which leads to a stabilization of the system and make it tend
to the 2D Navier-Stokes system (in the case of the rotating fluid system, this is the
Taylor-Proudman theorem) or to the slow 3D quasi-geostrophic system (in the case of
the Primitive Equations). We obtained this convergence for various ill-prepared initial
data (possibly blowing up) or anisotropic viscosities in [9, 8, 10, 11, 12]. As expected
by physicists, we obtained that the difference of the solutions of the Primitive Equations
and the quasi-geostrophic system is of the size of the Rossby number. We also refer to
[30] for the inviscid case. We adress the reader to Remark 3 for the notion of well or
ill-prepared initial data.



In [9] (F' # 1) we first obtain formally the quasi-geostrophic system, and then, guided
by its form we introduce the following decomposition: we first define the potential vor-
ticity of any 4-dimensional vector field U = (v, ) denoted by Q(U):

QU) % 9,02 — 90! — Fas0.
From this we define the quasi-geostrophic and oscillating parts of U:
def 2}

0
—Fo,

def

Uga = Q(U) ARQU), and Uy =PU) = U -Ugs.  (1.1)

As emphasized in [9, 12] this is an orthogonal decomposition of 4-dimensional vectorfields
(similar to the Leray orthogonal decomposition of any 3-dimensional vectorfield into
its divergence-free and its gradient parts) and Q and P are the associated orthogonal
projectors on the quasi-geostrophic or oscillating fields and satisfy (see [18, 9, 8]):

Proposition 1 With the same notations, for any function U = (v,6) we have the fol-
lowing properties:

1. P and Q are pseudo-differential operators of order 0,
For any s € R, (P(U)|Q(U)) . = (AU|P(U))pzs =0,
The same is true for nonhomogeneous Sobolev spaces,

PU) =U <= Q(U) = 0 <= QU) =0,

ST

Q(U) = U <= P(U) = 0 <= there exists a scalar function ® such that U =
(—=02,01,0,—F03)®. Such a vectorfield is said to be quasi-geostrophic and is
divergence-free.

6. If U = (v,0) is a quasi-geostrophic vectorfield, then v - VQ(U) = Q(v - VU).
7. If U is a quasi-geostrophic vectorfield, then T'U = QLU.

Thanks to this, we can rewrite the QG system into the following form:

O,U + Q(v.VU) —TU =0,
U= QuU, (QG)
U\t:O - UO.

Going back to the Primitive Equations, if we denote by Q. = Q(Uz), Us gq = Q(U:) and
Us 0sc = P(Ue), they satisfy the following systems (see [9] for details):

81595 + Ve - VQg - FQE == (7/ — I/,)FAa?,eg,osc + ED) (12)

where ¢. is defined by

qe = Q(Ua,osa Ua) = 837)3 (3103 - ({921);) — 81?}3

£,08C g,08C

({93?}3 + 321)3 831)1

€,0scC €

+ Fa?:UE,QG : v95,050 + Fa?)ve,osc - V., (1-3)



and

0
01
0
—Fog

020,
—010
0
61 U? — (921)51

1
8tUs,osc_ (L_ EPA)Ue,osc = _P(Ue : VUE) - AEI <_Ue -VQ, ‘|‘Q(U€,osm Us))

+ (v — V)FAA O YRR+ F+ . (14)

Remark 2 For more simplicity and without any loss of generality, we will write in what
follows

e = vUe,osc -VU,.

Remark 3 It is a natural question to know, when the initial data Uy, has a zero oscil-
lating part (in other words, it is a purely quasi-geostrophic initial data), if the solution
has the same property. From System (1.4) we can see that it may not be the case, but we
can prove that the oscillating part is small in appropriate norms (see for example [8]). We
refer to [18, 44] where the results are given for initial data with small initial oscillating
part (and vanishing as € goes to zero). Such initial data are said to be well-prepared, in
contrast to the ill-prepared case where the initial oscillating part can not only be large
but also even blow-up as € goes to zero as studied in the present paper. In this case it
is essential to take advantage of the dispersive aspects of the system in order to control
the oscillating part of the solution.

1.2 Statement of the main results

The aim of the present article is to use the estimates from the companion paper [16] and
generalize the work from [10] in the case v # /. We refer to the appendix for general
definitions about the Littlewood-Paley dyadic decomposition and the vortex patches
formalism.

Theorem 1 Assume that Uy gc € L?(R?) is a quasi-geostrophic vectorfield whose po-
tential vorticity Q(Upoc) = Qo € L*(R3) N L¥(R3) is also a C*-vortex patch with
s €]0,1[. Define Uy g as the following regularization of Uy ga:

Uoeoc = X(E°|DNUoga = P h(e™P.) x Up ga,

where 3 > 0, x is a smooth cut-off function (see Section 6.1) and h = F~1(x(|.]).
Let (Upe,osc)e>0 be a family of regular oscillating vectorfields (i.-e. with zero potential
vorticity). Assume there exists Cy > 0 such that for all € > 0 the family of initial data
Uoe = Upe,a + Upe,osc satisties:

{HUo,eHm < Cy,

(1.5)
||UO7€HH6 < 006_5ﬁ.



Then there exists constants C,w,~,e0 > 0 (w = w(F,s,v,v')) such that if

f+Cy<w,
then for all € < g, the lifespan T of the solution U, satisfies: T > T, =l ~vIn(ln|Ine|)
and for all t < T, we have:

vk S 37 Hkae,oscHLgLoo S 515w7

t
V.(t) dif/ VU)o dt! < 24| Ine].
0

Moreover we have local convergence: for all T > 0, U. g converges in L*°([0,T), L?)
to the unique global (lipschitz) solution of the 3D-quasi-geostrophic system with initial
data Uy g (which is in H*(R3)).

Remark 4 We refer to [8] for the fact that System (QG) has a unique global solution if
the initial data belongs to H'.

Remark 5 More precisely, to give an idea, we can choose w = 107%.

Remark 6 We point out that the assumptions on the initial data imply that
1Uo.c.0c — Uogalljgo < CP U qallyn if o €10,1],
|Uo.e.0cll e < WLQHUQQGHHI if o>1.

And concerning the initial oscillating part, it covers for example the case of the regular-
ization of an oscillating function Uy osc € H' which is not in L?:

UO,e,osc = w(€ﬁ|D|)UO,osa

where the function 1) is supported in an annulus centered at 0 and equal to 1 in a smaller
annulus.

Remark 7 In [10] we made a technical (and physically irrelevant) assumption: v = v/'.
In reality, and as suggested by the Prandtl number (which can be defined as v/v' and
can take values far from 1) there is no reason for the kinematic viscosity and the thermal
diffusivity to be equal or even close (see also [18]). We want, in the present article, to
cover this general case v # v/, for which every step from [10] will be much more tedious:

e First, the operator I' is now a non-local operator. Dealing with products, com-
mutators (and also commutator with a Lagrangian change of variable in [16]) will
be much more difficult compared to the case of the classical Laplacian. A refined
study of this operator is done in [16] in order to obtain the analogous of the a priori
estimates used in [10].

e When studying the persistence of the tangential (or stratified) regularity, as in
[39, 10] we will have to cope with the commutator [X; ,(x, D),T'|Q2e whose study
(when T' is non-local) is much more difficult than in the case ' = vA, and will
require for example more flexible estimates for the term I'(fg) — fT'g — gI'f than
what we needed in [16].



e Compared to [10], System (1.2), satisfied by the potential vorticity )., shows an
additional external force term, involving derivatives of order 3, (v — V') F Ad30; osc
(which vanished thanks to the assumptions in [10]). Because of this the general L°°-
estimates for System (QG) from [16] need to be modified, and we need a completely
different approach for the L*-estimates (we recall that the Leray estimates are
useless as the L?-norm of the initial data blows-up when & goes to zero). This
approach will strongly rely on the particular structure of the quasi-geostrophic
decomposition (i.-e. the properties of operators P and Q).

e Compared to [10], to treat the general case v # V', we need an additionnal assump-
tion: ||Upe oscll g1 < Co. This is once more due to the first term in the right-hand
side of system (1.2). Moreover, we emphasize that from the assumptions of the

main result, the best we can hope for L? or I estimates are negative powers of .

e The L estimates of the potentiel vorticity will introduce in the computations a
multiplicative exponential factor D' that will degrade the size of the lower bound
for the lifespan: in [10] we obtained T} = ~In|ln¢e|. The consequence is that the
frequency truncations of size (—Ine)® from [10] (when obtaining dispersive and
Strichartz estimates) are useless in the present case and will have to be improved

to the size 9.

2 Scheme of the proof and structure of the article

As explained before, thanks to the skew-symmetry of matrix A, any computation in-
volving L? or Sobolev inner-products will be the same as for the Navier-Stokes system
(AU - U = 0). So given the regularity of the initial data (even if some norms can blow
up in €), we can adapt the Leray and Fujita-Kato theorems as well as the classical weak-
strong uniqueness results: as Uy, € H %(R:S), U, is the unique strong solution of System
(PE.) defined on [0,7] for all 0 < T" < T. In addition, if the lifespan T is finite then

we have: -
€ 9 .
[ IV, 7 =

Moreover, as Up . € L?, U. coincides on [0, T}[ with any global weak solution of System
(PE.) and we have the Leray estimates: for all ¢ > 0,

t
G / IVU(7)|22dr < |Uoel|2. (2.6)
0

From (1.5), the only assumption on the initial regularity of U, provides that ||Up . HH% ) <
Ce 5% which is useless if we want a lower bound for the Fujita-Kato lifespan without any
other information. In this paper we will use the quasi-geostrophic structure to prove that
the lifespan is bounded from below by some large time 7. = «In(In|In¢|). Moreover we

will extensively use the following a priori estimates (we refer to [29, 10]):

Lemma 1 Let s > 1. There exists a constant Cs such that for all t € [0, T, we have:

IU=(®)llzs < U=(0)| 115 Jo VU= uoer, (2.7)



which requires us to be able to estimate ||VUe||110. We will easily show in the following
that [[VUe osc||p1 o is bounded and small. Showing that [|[VUz qcl| 1 is bounded will
require much more work, and as in [39, 29, 10] we will need the following logarithmic
estimates, involving striated regularity from the vortex patches formalism (we refer to
[29] for the proof) :

Lemma 2 There exists a constant C' > 0 only depending on s €]0,1[ such that, for
any quasi-geostrophic vector field U € L?(R3) whose potential vorticity 2 = Q(U) €

L*(R3) N C*(X) for a fixed admissible family X of C*-vectorfields, U is Lipschitzian and
we have :

Ql os
Ul = 19U < € (10152 + [l o e+ THCL)). (2)

The bootstrap argument is pretty simple: let us define K, = 2v|Inel|, TY = ~vIn(In|Ine))
and the times 7, > T/ > 0 by

n:mmeMﬁLum:Akuwmmsmh o)

T! = sup{t € (0,77, Va(t) < K./2).

We will show in this article that for a well chosen v and if € > 0 is small enough, for all
t <min(7.,T7),
Va(t) < K. /2, (2.10)

then, due to the previous definitions, ¢ < T/, which immediately implies that min(7;,77) <
T! < T: and therefore T < T. < T which proves the theorem.

Remark 8 FEither T} < oo and the integral goes to infinity when t — T and we have
0 <T!<T. or T} = cc and then T; < T} is also true (in this case we may be have
T =T.).

All the difficulty then lies in proving (2.10) and the article is structured as follows, we
will first show in Section 3 that the oscillating part is small and goes to zero. As explained
before, we will need to use logarithmic estimates (2.8) related to the striated regularity
which requires us to bound the L?, L> and C*® norms of the potential vorticity. The first
one is obtained using the quasigeostrophic structure : in Section 4 we get estimates in H!
for U.. The rest is dealt in Section 5. As in [16] the major difficulty in this paper comes
from the non-local operator I' (we recall that in [10] we only adressed the particular case
v = v/ where T' reduces to vA). In this paper we will extensively use the apriori and
smoothing estimates obtained in [16]. The last section is an appendix devoted to the
Littlewood-Paley decomposition, followed by a quick presentation of the vortex patches
formalism, and additional properties for the non-local operator I'.

3 Estimates for the oscillating part

This section is devoted to a careful study of the oscillating part. As in [9] to [12] the fact
that it goes to zero is essential in the study of the asymptotics of the quasi-geostrophic



part and the convergence rates. The aim of this section is to prove that there exists § > 0
such that if € is small enough, for all k£ < 3,

H|D|kUe,oscHL‘;Lw < Cpe’.
Remark 9 In this article we will only need three derivatives, but it is true for any k.
We refer to Proposition 5 for the precise statement of the result. As Ug .. satisfies (1.4),

we will consider the following system:

{atf — (L - tPA)f = F°, (3.11)

Jit=0 = Jo-
If we apply the Fourier transform, the equation becomes (see [9] for precisions):

of —B( ) f = F,

where

s &1&2 & +&3 §183

T e e O FP

— _5% + 53 —l/|£|2 _ @ 0 5253
Bé,e) = [— ~PA= el¢[? el¢]? ellEl
€ % _% —l/|£|2 _51 +§2
el¢|? el¢? eF|E|?

0 0 L —V|€|?

el

For 0 < r < R we will denote by C, r the following set:
Crr={§€R’, ¢ < Rand |g] >}

We also introduce the following frequency truncation operator on C, g:

),

where  is the smooth cut-off function introduced before and (F~! is the inverse Fourier
transform):

1Dl

P =x() (1 - (22

r

% %)f(g)) and X(@)f:f‘%x(@)f(@),

r

V(0 F = F 7

and the following derivation operator:

DI f = FH([e]* F(6))-

In what follows we will use it for particular radii 7. = €™ and R. = ¢~ ™, where m

and M will be precised later. Let us end this section with the following anisotropic
Bernstein-type result (we refer to [9], and to [43] for more general anisotropic estimates):



Lemma 3 There exists a constant C' > 0 such that for all function f, « > 0, 1 < ¢ <
p<ooandall ) <r < R, we have

DI\, D3]

(=5
(-

7 X
7 X

) fllze < Clflze,

Fllze < C(Rr)T 7 |x(S

(3.12)

!D\ !Dsl Dl \Dsl

7 X ) fllza.

Moreover if f has its frequencies located in C, g, then

IDI* fllzr < CR[| S| zo-

3.1 Eigenvalues, projectors

We begin with the eigenvalues and eigenvectors of matrix B(§, ). The main result of this
section is the following proposition. We will only state the results and skip details as the
proof is an adaptation of Proposition 3.1 from [12] (there in the anisotropic case).

Proposition 2 There exists €9 > 0 such that for all ¢ < ggy, for all . = €™ and
R. =& M with M < 1/4 and 3M +m < 1, and for all ¢ € C,_ g., the matrix B(¢,¢) =

—

L — =PA is diagonalizable and its eigenvalues have the following asymptotic expansions
with respect to e:

po = —v|[¢]?,

p=—(vet +V§2+V’F2§2)5 D(,¢),

A= —r(QleP + e + eB(e ), 1)
X = —r(OlP — il + <B(g, ),

where |£|% = £ +E3+ F?&3, and D, E denote remainder terms satisfying for all§ € Cy_ g.:

e2|D(&,e)| < Crlv — V'|3e?[€]8 < Cplv — V/[3e?~M <« 1,
e|E(€,e)| < Cplv — V|%elé)* < Cplv —vV/|2e =M <« 1,
e|lVeE(&, ¢)| < Cplv — V2el€]P < Cply — V/|2et3M « 1,

and

2 , F2¢2
T(§) = (1 + |£|i3> + — 5 (1 - |£|§3> > min(v, ') > 0.

Moreover, if we denote by P;(§,¢€), the projectors onto the eigenspaces corresponding to

p, A and X (i € {2,3,4}), and set

P = 7 (Pile)(@©) ) (3.14)

10



then for any divergence-free vector field f whose Fourier transform is supported in C,_ g,
we have the following estimates:

Crlfllne it 9 #0.
Pofle < SN e U (3.15)
Crly — v flla i 9 =0,
and for i = 3,4,
P2l < Cre™ 0] g (3.16)

Remark 10 We emphasize that the leading part of i is the Fourier symbol of the quasi-
geostrophic operator I'. Moreover, as we will see in what follows, the dispersion is related
to the term i!g@, and when F' = 1 this term reduces to the constant % This is why
dispersion does not occur in the case F' = 1.

3.2 Dispersion, Strichartz estimates

The following result provides the Strichartz estimates satisfied by some projections of
the solution of System(3.11):

Proposition 3 Assume that f satisfies (3.11) on [0,T] where div fo = 0 and the fre-
quencies of fo and F' are localized in C,_ r.. Then there exists a constant C'r > 0 such
that for i € {3,4} and p > 4, we have

1_ M+(2 T e
IPifllgi < Coet” (FDMCD) (Yo [T hpeolpar )

Proof: We will only give a sketch of the proof and refer to [9, 10, 12] for details. First
in the homogeneous case (F' = 0), the classical TT* method allows us to write that:

T
HPifHL’;LOO = sup/ / P f(t, ) (t, x)dzdt,
YeB JO R3

where B = {1 € D(R, x R3?), HszLle < 1}. Next, as f has its frequencies localized
in C,_ r. we obtain that:

HP fHLpLOO — sup/ /RS ‘5’ (2‘53‘)) —t7(€)[¢]?+it ‘;‘E\JFEIEE(&E P f (£)$(t,£)d£dt

Te

T 2
SHIP’z‘fonsup( / / uw)uLlHw<s>uyuf<<s,t,a,.>uLoo) . (317)
1/168 0 0

with

; — s)T i(t—s €] 2
K(s.t.e.2) :/ i€~ EHIT@IE i) Sl rerBe ) teBee), 1] €] |2 20 X(ﬂ))zd
R3 2R Te

Adapting Section 4 from [12], we obtain that:

R . R:( e \?
1K (s,t,e,.)||pe < CFT—QE min (RE’V"_ZE ( > )
13

€

11



Remark 11 We emphasize that the results from [12] (Lemma 4.2) are given for anisotropic
viscosities and in the anisotropic space Lg‘;’ﬁg, this is why the powers of r-, R. are different
in the present case. We also dropped the exponentials as we are in the finite time-case.

We then deduce that for all 6 € [0, 1],

3(1+6) g
€ € 2
K (s,t, e, )L < Cr (1+0) <\t — s\) '

2
Te

Using this for § = 4/p in (3.17) (this is the reason why we need p > 4), we obtain
the conclusion thanks to the Hardy-Littlewood theorem and the choice r. = ™ and
R. = ¢™ and using the projector estimate (3.16). The non-homogeneous case easily
follows. H

From the previous property for p = 4 we deduce the following result:

Proposition 4 Under the same assumptions, there exists a constant Cr > 0 such that
for i € {3,4} and any s > 0, we have

1_ T T
1P, + IBADP Ay < Cret=(0E50) (i [ eyl ar )

Proof : Thanks to the assumptions on the frequencies of fy and F, f also has its
frequencies in C,, g. so that using Lemma 3, we get

[Pl DI fllps oo < CREIPif]| L poe

which immediately gives the second result thanks to Proposition 3. For any ¢ > —1
applying the Strichartz estimates to A, f leads to:

1_ T.s m r e
1P fllig e < Cost= I E) (18 fola - [ 18P (D2
l*(1\4(Z+s)+3m) g e
< Cpet (63 1 olls + / P edr ) . (3.18)
0

Then for all ¢ > 0, as A, f is frequency localized on the ring 29C(0, %, %) and in C,_ g,
we have:

28l e < CIRADIA S Ny se < CREIPiS g1
L (M(Z+s)+3m) T
< Cpet= (1} lfollza+ [ 1F4@lsar) . (3.19)
0

and for g = —1, we use that 27 < 1. W
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3.3 Final estimates

The object of this section is to obtain the following estimates:

Proposition 5 Assume that U, solves (PE.) on [0,T] with the same divergence-free
initial data as in Theorem 1. There exist g > 0 and a positive constatnt C' such that for
all0 < e <egand allm,M >0 with M < 1/4 and 3M +m < 1, and all k > 0 we have:

m_ _ 1
H‘D’kUe,oscHL‘q{Loo < Cp (EM 4+ % M + el (3M+m)>T4 “U0,5”H3+keCVE(T)
T s~ MER M) T g 2 (3.20)

where V. (t fo VU (7)|| oo d.

Remark 12 In what follows, we will use this result in the case k < 3, T < T. =
yIn(In|Ine|) and with Vo(T) < —2vyIne and ||[Upe||gs < Coe~*?. The previous estimates
then turns into:

‘||D|kUe,osc‘|L%Lw < Cp <6M—(55+20“/) + 6%_(M+55+20“/)

T 1M 56+207) o (8 2(55+207) ) (T2)2. (321)
3 : :

Moreover, under the following conditions:

58+20y <
M+ (58 +2Cy) <
3M +m+ (58+2C~) <

L (3.22)
2
8M + 4m + 2(56 + 2Cv) < 1,

which are satisfied for example if we have:

M
{5ﬁ+2c =T (3.23)

m 1
M <% and m < g,

then we simply get, if € is small enough,
M

M 1
D Ue oscll 11 1o < Cpe (T2)2 < Cpet. (3.24)

Note that these conditions on m, M imply those in Proposition 5 (which are required to
use Proposition 2).

Proof: Let us cut the oscillating part into four parts as in [9]:

D]

DI, |Ds]
DIFU. pse = (1 — x |
|DI*U, ( (R

R, (5 re
d,
+ Pro k| DIFPoU. ose + Py i | DIFPssaUs ose ) I + T1. + IT1. + IV..  (3.25)

))|D|k eosc+ ( )|D|k €,08¢C

13



Thanks to the injection H*(R?) — L*®(R3) (s > 3/2) and the apriori estimates from
(2.7) we roughly estimate the first term:

1 C . 1 1
1ellig i < CT el e < o T4 Uonel i srsse < CTIM UL oo (3.26)
€

The second term is estimated thanks to Lemma 3 (with p = oo, ¢ = 2) and the Leray
estimates:

1 1 1 m_
[ Tell 3 100 < CT5(R2re)2 ||D/"Us oscll pge 2 < CT 36> MUl Lo v (3.27)

As Q(Us pse) = 0, we can use (3.15) to get:

1 1 _

ITL||ps poo < OT 5 |IT1| o < CRTa|w =2/ |G P, 5 | DIMUL oell 2012

< CpT iy — V| CME ™ U | oo (3.28)
The last term is estimated thanks to the Strichartz estimates from Proposition 4:
L (M(Z+k)+3m) 4 e
[1Vellpa poo < Cre® ? [Pre.r-Uoeosell L2 + [Pre,r F(7) || p2d7 )
0

where the external force term F° is the right-hand side of (1.4). As in [9] we roughly

estimate each term from F° (we refer to (1.4) for the decomposition) and obtain that
(thanks to the Leray estimates and Lemma 3):

3 (T 3 4 _1
IPre,rFill Ly e + (1Pre,r Foll Ly 2 < CRE /0 [ve - VU] prdr < CRET 2 2 [|[Up e |75,

3 T 3
Py Fally 2 < Cor RE [ VU ue - VULl < Cors REv [Uncl
0

1 -1
1Pre,r-Fullpy 2 < Crlv — VIR 20 || Une|l 2

As ||Pr. r.Uo e ,0scll 12 < Cr;lHUO@OSCHHl we finally obtain that the last term satisfies (to
simplify we did not trace the viscosities and roughly estimated each norm by ||Up ¢ || g+ .):

1_ 1
Vel e < Cred=(MERHm) g 2 (3.29)

Gathering (3.26) to (3.29) we end up with the desired result. H

4 L’-estimates for the potential vorticity €.

As emphasized in the second section when explaining the bootstrap argument, we need
to obtain estimates for the potential vorticity in L2, L% and C*(X). At first sight, the
most natural way to do it seems, as in [39, 10], to use transport-diffusion estimates on
system (1.2). We will be able to do this for the L*>-estimates, adaptating Proposition 1
from [16] which deals with the non-local operator T.

Unfortunately, due to the first term from the right-hand side (v — ') FA36; o5, this
method is useless for p = 2 as we can only estimate this term by |v — v/|F||V3U,| 12

14



that we do not control (the best we can hope for is to estimate this by a negative power
of €). In order to overcome this problem we need to bound [|U; ggl/;:. Thanks to
Proposition 1 and the fact that Us o4 is small, we will simply study ||U.|| ;1 and then use
that Q2112 < ClUeqalin < CIU |-

Another motivation to estimate directly ||U.||: is that getting LP-estimates (see
Proposition 13 in the appendix) requires a L{°LS-bound for the transport term v. that
will be a simple consequence of the result on L?’H I thanks to the Sobolev injection.

4.1 H'-estimates for the solution U.

The aim of this section is to prove:

Proposition 6 Under the assumptions of Theorem 1, and with the notations from (2.9),
there exists Cr, M > 0 and ey such that if 55 4+ 2Cy < M/6, then for all 0 < £ < ¢y and
all t < min(T.,T), we have:

1 t
S0+ 0 [ IV < C (430)

Proof : we emphasize that the quasi-geostrophic/oscillating decomposition is an orthog-
onal decomposition of the solution so that we have:

U5 ~ U@l + 1Ueoscllfpn ~ 196122 + U oscll1,

and to obtain the desired estimates we could, as in [18] estimate separatedly the potential
vorticity and the oscillating part. But in our case, as F' # 1, it will be easier to use
dispersion phenomena together with the quasi-geostrophic structure and estimate the
following (equivalent) norm:

de
10, —(APULIUL) 2.

Taking the corresponding H};—inner product of (PE.) with U., we obtain that

1d

§EHUEH§{}? - (LU6|U€)H11, = _(ve : VU€|U6)H},‘

As usual —(LUE\Ug)H}F > VOHVUeH%,l and thanks to the fact that U. = Us osc + U0
F
we develop the right-hand side as follows:

(Uz-: 'VU€|U€)H}J = (Us : VU€|U€,OSC)H11: + (Uz-: : VUs,osc|Ue,QG)H}J + (Us,osc' VUs,QG| UE,QG)H}:
+ (Ua,QG’ . VUE,ngUE,Qg)H}: = By + By + B3y + By4. (4.31)

What is more unusual is that the most dangerous term, namely By (i.-e. the only one
that may be large as it does not involve the oscillating part, we will show that the
three other terms are small), is equal to zero. We emphasize that if we had computed
the classical H'-innerproduct it was not true anymore (as for any Navier-Stokes type
system), and this term would have obstructed any use of the logarithmic (or Gronwall)

15



estimates. To show this we simply use the following elementary computation related to
the quasi-geostrophic decomposition: for any function f, we have

_82
(MUeoe)m = (1| 0 | 000 = @120
—Fog

Then, thanks to this, point 6 from Proposition 1 and the fact that divv. g = 0, we
obtain:

Bi = (ve,06 - VUe,Q6|Ue,6) iy, = (ve.q6 - VUea) ) 2

(ve,0a - V&) 2 = 0.
Writing

|B1| < Crllvell 2 VU L2 [ VU oscll Loe
|Ba| < Crllvell 22 V2Uell 2|V Ue oscll o
|Bs| < Cpllve,osecllL VU Qa2 V?Uz el 12

thanks to the Leray estimates (2.6), the a priori estimates (2.7) and the fact that P, Q
are pseudo-differential operators of order zero, we get that for all ¢ < min(77,7%)

HU<>|rHl+uo/ VUL, dr

1
= §”U0 EHHI + CF/ HU HHG <HU€ OSCHL“ + HVUE 080”L°° + ”V2U€ OSC”LOO>dT
(4.32)

Therefore, thanks to Proposition 5 and (3.21) (we roughly use it even if we do not have
derivatives of order three here) and as t < min(7;,vIn(In |Ine|)),
and ||Up |l e < Coe™®? we have:

P 10oell 1+HU50”H6€20V6@ t4(”Ue,oscHLfLoo+HVUE,OSCHL4L°°+”V2 6086”L4L°°)>

Vo(t) < K. = —2vIne

—HU +u0/ VU () dr

< CF(HUO,a”%u + (Tg)% (gM—3(5ﬁ+QC"y) + 8%—(M+3(55+2C”Y))

4 - (8Mamas(81207) | ) (8M+4m+4<55+20ﬂ))) (4.33)

So, similarly, under the following conditions

3(58 4 2C7) < M,
M +3(58+2Cy) <2,

3M+m+3(55+207)< 1

(4.34)
8M + 4m + 4(583 + 2C) <

’
<1
8
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which are implied for example if we have:

5 20y < M
{ﬁ“L 7= (4.35)

m 1
M <% and m < 75,

then as min(%, T %, %) = 4, if € is small enough we can write that:

M

1 K 5 M
SV, + 0 [ V0 dr < Cr(1Une s + (E)Ee¥)
< CF(CO —i—z’:“%) < Cp. (4.36)

This concludes the proof. B

4.2 L*-estimate for the potential vorticity

As a direct consequence of (4.30) we obtain the following result:

Proposition 7 Under the assumptions of Theorem 1, and with the notations from (2.9),
there exists Cp, M > 0 (with M < 1/294) and ey such that if 55 +2C~ < M /6, then for
all 0 < e < eg and all t < min(T.,T.), we have:

1 t
SI0:(01E: + 0 [ IV(r) Badr < Cr (437)
0

5 Proof of the main result

5.1 L-estimates for the potential vorticity

The object of this section is to obtain L*-estimates for the potential vorticity. This
result is very close to Proposition 1 from [16].

Proposition 8 Under the assumptions of Proposition 6, and with the notations from
(2.9), there exists Cp, Dp,C, M > 0 and £y (Dp depending on F,v and v/, C|, depending
on ||Qo|| e ) such that if 58+2C~y < M /6, then for all 0 < & < gy and all t < min(71.,T7),
we have:

1 t
SO + 0 /0 IVU(7) |3 dr < Cr,

Qe [,o° [,00 S CletDF.
192l g 0

(5.38)

Proof : the H'-estimates were obtained in the previous section and the ideas to get the
L*>-estimates are the same as in [16] so we will skip details and only focus on what is

different. Let us define for all £ # 0, qo(&) by

€I

R

de

Tu(€) = — o (we2 + ve2 + vV F2ed)a(e) & —go(yme)a(e).
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If we denote M = = and M’ = YL (recall that vp = min(v, ') > 0) then

Vo

max(M, M') = My = 20)

min(v,v’)?

{min(M, MY =1

so that P
§
00(8) = e (MEF + ME + MFEE) > ]
F
And, as explained in [16], we can write that el'u = K; * u, where the kernel K;(z) is
defined for all ¢,z by:

1 x 1 )
Ki(z) = —— K{(—— ith Ky(x) = i€ 5=q0(8) ¢
o) = k) vith K@) e

We recall that in [16] we obtained there exists a constant C > 0 depending on F, My;s.
such that
1Kl + VKL g < Ch (5.39)

Thanks to the Duhamel form, we obtain that for all ¢ < min(7%,77),

¢
Q:(t) = e’TQo,8 + / (=7 < —div (v @ Q) (1) + (v — u')FagAHE,OSC(T) + q5(7)> dr.
0

Then as in the cited paper, replacing ¢. by its value and thanks to (5.39) and convolution
estimates,

192 ()] o
t

< Cp (HQWHLW +/ (Flv — v[]|85A0z o5e(T)| 120 + [VU(7) - VUS,OSC(T)HLOO)dT>
0

5
36

w(t =) "IVEL g llve(T)ll Lo 2 (7) | Lo dr. (5.40)

Y
0 \/Vo(t—7)4

We recall that as assumed in Theorem 1, Q. = e =3h(£5.) * Q. Then, using the injection
H?(R3) — L>®(R3) we get:

190 e < Ch (190l + T2} (1T Vel g + 1V l126e™ O VU, gl 1))
+ O ([ =) b ol Wl G40
and thanks to (3.21) and (4.30),
Q| pge e < c;<||90\| Lo 4 (T2) 5 (EM-205+C) | 5 -2(M+55+2C)
4 - (3Mma2s8+207) | €§(8M+4m+3(56+2cfy)))> n 40%1/0*%75&0%”96”@%00_

(5.42)
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The conditions on M, m, 3, under which the exponents of € are positive are implied by
(4.35), then there exists €9 > 0 (only depending on 3,+) such that if € < gy then

(Tg)g <€M2(55+C'y) 4+ £ 2M+58+2CY) 51—(3M+m+2(56+20'y))

n 8%_(gM+47mt3(5ﬁ+207))) <1 (5.43)

_3
and if ¢ is so small that 4C1, 456’} < %, that is

3
o

< W’ (5.44)

then we obtain that
19| 25o L < Cp([|QollLoe + 1)
As we want a result for large times ¢, we will globalize the estimates with the usual
method: if we subdivide the interval [0,¢] into 0 = Ty < 11 < ... < T = t such that for
any i € {0,..., N — 1},
3
_Y

(8CH)*Y
then the previous arguments imply that if 0 < ¢ < ¢ for any 7 € {0,..., N — 1},

1926 | ooz 72 41,220y < CR(I1Q:(T3) |z +1) < Co(CR)".

(8C F)

Tipr — T, ~ (5.45)

Next summing (5.45) for i € {0,..., N — 1}, we obtain that N ~

we denote Dp def (8CE) ) In C% we obtain the desired estimate for Q |

t so that finally if

5.2 Tangential regularity
5.2.1 Advected family of vector fields

We refer to the appendix for an introduction to the notations related to the vortex
patches. As mentionned before, a crucial ingredient in the proof of the main result of
this article is to use the logarithmic estimates (2.8). However we need to be careful that
if Qg is C*(Xp) where Xo = {Xox, A = 1,...,N} is a fixed admissible system of C*-
vectorfields, we will not measure [|Q2||cs(x,) but HQ€‘|CS(X§)\) where X7, is the solution
of the following transport equation:

{@Xf A0 VXE, = X5, - Vo, (5.46)

X o = Xoa

The regularity is preserved by this transformation : we refer to [36] for the proof of the
fact that X\ € C* = X7, € C°. We refer to [17, 36, 39, 29] for more details about the
persistence of the tangentlal (or stratified) regularity in the vortex patches theory and
we recall that we denote for any function w (using the same notation as in [29, 10]):

Xia(w, D)w = div (w @ X; ).
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Then in our case, (2.8) becomes

Q S 1>
9]¢ (xm))>7 (5.47)

IV gclli < O 12 + 9] = log (e + — 5
[R]PS

where
19 lle(xz ) = [1€Qellzo + 1XE A = +Z 1XE\llos + [1XE 5 (2, D)Q:lga-1). (5.48)

and there remains for us to estimate the last three terms. Only the last one requires a
careful study as the other terms are strictly the same as in [10]. For now we will estimate
these other terms and state in the next section the smoothing effect provided by a priori
estimates on () that will help us estimating X7 ) (z, D). In what follows we will first
obtain estimates in a small time interval [T7, T5] and then globalize the results at the end
of the article.

Remark 13 For more simplicity, in this section we will denote X*®(t) instead of Xy ,.

System (5.46) has been extensively studied (see [17, 36, 39, 29, 10]) and we refer to [10]
for the following estimate: there exists a constant Cy > 0 such that for all ¢ € [T7, T5],

t
[X=@®lles < X5 (T1)lles +Cs/ IX° (@) llos 1 Ue| Lipdt”
+c/ 1 X5 (2, D)Q: ()| oo 1dt’—|—C/ X5 (t) | oo | Ue oscllos+1 . (5.49)

Without any change, as in [10] we refer to [17, 36] for the fact that for all ¢ € [0, 7],

XE(t)|| < || XollfoeCV®) < Cue267,
{H Bl < [[XollL < Cop (5.50)

X5 Mz < Coe®V* ™ < Coe™@

Using this and estimates (3.21) and (3.24), we obtain that under condition (4.35) on
m, M, 3 and ~ there exists €9 > 0 such that if 0 < e < ey we have,

Cs / [ X (¢ )HL‘X’HUs oscucsﬂdt < CFs5 2 (17 )% <L

and therefore:

t
IX“@lle- < Xl +1+ s [ IX @)oo IVl it
T
t

+Cs | I (@ D)0 o (5.51)
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5.2.2 Smoothing effect for (.

The aim of this section is to state the heat regularization occuring for the potential
vorticity €. in Besov and Holder spaces. We recall that ). satisfies system (1.2). Thanks
to Proposition 6, under conditions (4.35) and if 0 < € < &g, we have

HUeEHLOO([Tl,Tg},LG) < HUEHLW([T17T2]7H1) < CF. (5.52)

If in addition 77 < T5 are such that:

LI VU 1 (5.53)

- CFMvisc ’

{2CF(T2 - Tl)% S l/g,

then from Theorem 3 (see Appendix, this result is proved in [16]), for all ¢t € [T}, T3]

HQEHEOO([Tl,t},CQ) + VOHQE“El([Tl,t},CE)

t
< Cr 1000 + [ (Flv = V10680l + )i )| 554
Ty
Thanks to (3.21) and (3.24), we estimate as usual the oscillating part and obtain:

M 1 3
12 e s .00y + MOl 1y c2) < O (196 (Tl + ¥ (T)3 (2 = T1)?)

The last term is small so there exists ¢g > 0 such that for all 0 < & < gq it is bounded
by 1, then using (5.38), we end up with:

||Q€||Z°°([T1,t],09) + VOHQEHZI([Tl,t],C%) < CF(eTlDF + 1) < QCFeTlDF' (555)

5.2.3 Study of X} ,(z,D)Q:

As explained before, we now turn to the most difficult term. We begin with the transport-
diffusion system satisfied by X7, (z, D)§2.: similarly to [10] (the differences are the non-
local operator and the additionnal term F'(v — v/)03A0,) we easily obtain that:

(O +ve -V =T)( f,A(x?D)Qe)
= (v =V )FX{\(x,D)(0300.) + X{ \(x, D)qe + [ X7 \(x, D), )0,
(5.56)

with the initial data

Xia(x, D)Q = Xoa(z, D).

€/t=0

As in [39, 10] all the difficulty will lie in estimating the last term [X7, (x, D),T']Q. and
in our case, as in [16], everything will be far more tricky as we have to deal with the
non-local diffusion operator I' instead of the Laplacian. As was first observed in [39]
this commutator is a sum of terms of different regularity. From (6.99) that provides the
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decomposition of I' into its local and purely non-local parts (we refer to [16] for more
details) we can decompose the commutator into:

[X;5\(z,D),T)Q =A+B
= [X{ (2, D), TL]Q + (v — /) F?(1 — F*)[X] \(z, D), A*]Q..  (5.57)

The first term will be decomposed exactly as in [39, 10] into:

A=Fy+ G, (5.58)
with
3 .
Fy =— Z <8iR(Qg7FLX§;\) + 2aiR(tVXf;, V7V,7FVQE)>,
=1
and
3
Gy = — Z <aiTQEFLXE V40 Tt xei e
t,A
=1

+ 20 Tog e My, rV Qe + 26¢TMU’U,’FVQEVX2’;;>, (5.59)

where M, ,/  is the diagonal matrix defined by

v 0 0
0 v 0 ,
00 (1-F)v+F%
and R and T correspond to the Bony decomposition and are defined in (6.97) (we refer

o [6, 17, 4] for precise studies of these operators). The second term first needs to be
rewritten into :

B=—(v—v)F*(1—F?) (X{,(z,D)(A*Q:) — A*(X{,(z, D)2))

3
(v =V)FP(1-F*)> 0, (Xa 'A%, A2(X§’§QE)>
i=1
3
= —(v—V)F?(1-F*)) 0, <(X;§A(AQE) —A(X;{AQ)) +A(X§§AQ€—A(X;§Q€))>.
=1
(5.60)

And using the bilinear operator M defined in (6.102), we can decompose B into:
3
B=—(v—)F*(1-F%)) 0, [AX”AQ +M(X[y, A, )+A<AX“Q +M(X[y, Qe ))]

=1
= Iy + GB, (561)
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Fa = ~(v = /)F2(1= F) 300 RO AR) + 0y ( RS, A0
i=1
+AR(AX§§,QE) + AM, (R(Xf;,sz ))] (5.62)
and
3
Gp = —(v— I/)F2 1— F2 Z@ |: AstAQ +Trq. AXE )\—{—M( stAQ )+M (Thq. th)
i=1

+ A<TAX5’;QE + TQEAXE M ( Xy Q2 ) + Mp(Tﬂthai)>] , (5.63)
t, )
where we denote for any smooth functions f, g:

My(Tyg) = > M(Sq-1f,A9),

g>—1

1
)= D > M(AS, Ayrag).

>—1la=-1

As in [39, 10] we decompose the commutators into the sum of two terms which have
different regularity. This is the object of the following result:

Proposition 9 If s €]0, 1| there exists a constant C' such that for all 0 < Ty < T, <
min (7, T.) satisfying condition (5.53), we have for all t € [T, T5]:

HFAHzl([Ththsﬂ) + ‘|FB||51([T1¢LCS71) < Cps max(v, V/)‘|X$7/\||L°°([T1,t],03)HQeHzl([ThtLCE),

1Ga®)llos-s + GB(t)l|0s-3 < Crs max (v, )| Qe (t) || o< | XE Al -
(5.64)

This immediately implies, thanks to (5.38) and (5.55) that for all ¢ € [T7,Ts]:

1EANZ .00y + 1FB T 17y g, 00m1) < CrMouisce™ 2 IXE Al (1 .00,

1 (5.65)
e (16A Ol + 1Ga(0)lcrs ) < CrMruce™Pr X o

Proof : even if the estimates of Fj and G are obtained exactly as in [39, 10] we will
give a quick proof of them as it helps understanding how to deal with F and Gy which
are more tricky. Let us begin with Fy. In this proof, in order to simplify, we will drop
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the summation in 7:

HFAuzl([Tl,t},Cs—l)

= Cpmax(v, /) sup 27671 / 14, (VR(QE,FLX$7A)+2VR(tVX§’A,MV,V,,FVQ€)>||Lood7
q>—1

< Cpmax(v, V) sup 2qs/
T

p 5 (1Al AT X
q9=

l>q NO a=—1

T 1A VX HAzMu,w,pvszarm) ar

< Cpmax(v, V) sup 2%° Z / QZZHAI HLOOQ_ZSH allosdr
g=—1 1>q—Ng
1>-1

< Cpmax(v, V') Z 20705 || X Alzee .09 HLl (IT1.,4],02)" (5.66)
1>2q—No

Similarly, for Fy, thanks to Proposition 11 (see Appendix) we can write that for all
functions f,g and all [,I’ > —

IM(Auf, Avg)le < Cr2' S (| Arf e[| Avg o,

which implies that (recall that A is a pseudo-differential operator of order 1)

HFBHEI([TMLCsﬂ)

< Cply—v/| sup 27 3 Z / 2| ALXE Al | Ay oSl oo dr,  (5.67)

=1 5 TNya——1

wich gives the desired estimate. We now turn to the second term. Thanks to the the
fact that for any functions f, g, the product S,_1f - Agg has its frequencies localized in
an annulus of size 27 (see (6.96)),

[Gallcs-3 < sup 2‘1(8_2)(HSq—lﬁaHLooHAlTLXf,AHLOO + [[Sq—1T L X\ £ [[Ag Qe[|
ol
+ 2[1S-1VXE Lo (| My PV A Qe[| oo + 2[[Sg—1 My 00 PV Qe || [[ VA, XfoLoo)

< Crmax(v,v) sup 29672 Lo <2qHSq 1VXE e + 2%4|| A, XE )\HLOO). (5.68)
q>-2

The only difficulty is here that if we put all derivatives out of the norm ||.S,—1 X7, ||re
we cannot recover the C*-norm of X; - To overcome this problem we simply use (6.95),
as s —1<0:

[V llor-1 ~ sup 2907V V8, X5 (5.69)
s
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which implies

1Gallcs—s < Cpmax(v,v') sup. 2067222 Q|| o 27| X7 5l
o>

Proving the same for Gy will be more tricky for the same reason. More precisely, with
the same method as before, some terms will involve S; and not enough derivatives for
us to be able to use (5.69). To overcome this difficulty we will have to use Proposition
12 (see Appendix). These estimates for the bilinear operator M will enable us to move
some derivatives where they will be needed to apply (5.69). With the same simplification
as before we write,

Gp=—(v—V)F’(1-F)V )~ [SqlAXjA CAGAQ + Sg_1AQ - AGAXT
g=—1

+ M (Sy-1AQe, AgXED) + M(Syo1 XFx, AAQL) + A<Sq_1AX§A AL
Sy Qe - AgAXE s+ M(S,1 X3 AgQ) + M(Sy1, Aqu,A)ﬂ . (5.70)

As for G, using that for all f,g we have (thanks again to Proposition 11),

1+’

IM(Sif, Avg)lire < Cr2 > ||Sif ||| AvgliLe,

allows us to get that:

1GBllcs-s

< Crlv —7/| sup 20672 <2q||5q1AX§A||LwIIAquIIL°o + 227181 Qe | oo [| Ag X 5l oo
o

M (S X 5 AgAQL) [ + ||AM(sq1X5A,Aqu>||Lw). (5.71)

In this expression, the first two terms will easily be estimated as explained before by
27172 X7 e 192 | oe (5.72)

and we will estimate the other terms thanks to Proposition 12 as it will enable us to
make some derivatives pound on Sy_1X;,, and use (5.69). As s €]0,1[ let o > 0 such
that s + o €]0,1[. Then thanks to (6.105), we can write that

HM(Sq—leiAa AqAQef)HLOO + HAM(Sq—lXtE,M Aqge) HLOO
< Cr2)|Sy-1 Xl garg 1809 | ooy (5.73)

0,1

We emphasize that we deal here with homogeneous Besov norms and our results in-
volve inhomogeneous norms. Then, thanks to the frequency localization we will use the
following estimates: for any any function u, and any « > 0:

lullge _ = 1DI*ullgy _ < IDI*ullz~.

lull o, < CV/Ilulle=<[IDP*ull o<
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and deduce that

M (Sq-1X5 5, AgAQe) |z + [|AM (Sg—1XF 5, AgQe) ||
< Cp27) Syt DI X5 270 A 0| (5.74)
Now we have enough derivatives pounding on S;_1, indeed:
X;,€C® = D" X;, e C7,
so that we have the estimate:
18q—1| DI X5yl < C29[||D|*7 X5 \lo-= < C277[| X5l
which implies that:
HM(Sq—lXtE,Aa AqAQef)HLOO + HAM(Sq—le,A? Aqge) HLOO
< Cp21®79) X5\ llos 192 | L= (5.75)

Plugging this estimates and (5.72) into (5.71) concludes the proof of the proposition. B

5.2.4 Study of X;,(z, D)) : estimates

In this section we will recollect the previous results in order to bound the C*!-norm
of X7, (x, D)S2.. For more simplicity, we will denote it X¢(z, D)).. First as it satisfies
system (5.56), and as s €]0, 1], we can use Theorem 4 from the appendix (see [16] for
more details): as we have (5.52) and div v, = 0, there exists constants Cr > 0 and C5 > 0
such that if 75 — 77 > 0 is so small that:

1. CF(T2 - Tl)% S Vg,

T:
C g2 IVl _ 1

2' € - CFMvisc’

3. Ty — Ty + [12 IVU| oedr < g

Remark 14 These conditions on 13,15 are implied by what follows: there exists a
constant ¢ = ¢(F, s,v,V') > 0 such that T} < Ty satisfy:

Ts
n_ﬂ+/\wmhmhgg (5.76)
T1

If this condition is satisfied, then from Theorem 4 there exists a constant C,, r > 0 such
that for all t € [T7,T»| satisfying condition (5.76),

HXE(-%'7 D)QEHZOO([ThtLCs—I)

(& 1 (&
< e (I DT ot + 1y 0y + 516 Ny )+ G7)
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where, from system (5.56), we have:

{F‘f = (v = V)FX{\(2, D) (03A6:) + X7, (2, D)a: + Fi + Fp, (5.78)

G°® = Gp + Gp.

Thanks to the previous section (see 5.65), we have:

1
1Az (0o IFBIE 2y .00 + S NG N2 g .00-9)

S CFMvisceTlDFHX?)\HL‘X’([Tl,t],CS)' (579)

Next, there is no change for the following term, as in [10] thanks to Besov product laws:

t t

X @ Dl g o < [ 1K @ aclcndr < [ <||X€ucs||VU€||LDOHVUE,OSC||LOO
1 1

X e (IVUe o | VU osell o + HVUEHLOOHVUe,oschs>dT7 (5.80)

then using (3.21), (2.7) and under condition (4.35), we easily obtain:

IX° (2, D)aell 71 g, ,00-1) < Cr (1 + I1XZ 5l oo (7 1,09)) - (5.81)
([T1.,8],C571)

The additional term is also estimated thanks to product laws:

v = VIFIIXE A (2, D)3 Abe osellpa i .05

t
) < Cplv— V/|/ | X.03A0; oscllcsdT
T
< Cr(1+ IX5 ooy g,c)- (5.82)

Substituting all these estimates in (5.77) gives that, under conditions (5.76) and (4.35),
if 0 < e <egp, forall t € [Th,Ts],

HXE(.%'y D)QEHEOO([T17I§},C‘971)

< Cyy,F <||X€(x,D)Q€(T1)||CS_1 +14ehPr S[up } ||X5,AHCS> , (5.83)
Te[T1,t

In [10] after having obtained the analoguous of (5.51) and (5.83) we could easily obtain
a globalization for large times of the result. In our case, we have to be extremely careful:
due to (5.38), the L™ estimates of the potential vorticity involves the coefficient e’1PF
that may be very large. For this reason the only way we can absorb the last term of
(5.83) is to consider:

def
2(t) = 1X5 (@, DYl pee g 1y o1y + 200, e PP IXE oo 111,09
Then combining (5.51) and (5.83) we get that for all ¢ € [T7, T3],
t
1
Z(t) < Cyo ¢ (Z(Tl) +1 +/ (e Pr 4 HVUEHLOO)Z(tl)dt/> +52(b),
Ty
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Simplifying and thanks to the Gronwall estimate, we end up with (thanks to condition
(5.76)):

t
CVO,F/ (e"Pr + || VU, || o) dt’
Z(t) < CVO,F(Z(Tl) + 1)6 T

t
CVO,F(eTlDFJr/ VU ) dt!
Ty .

< Cyor(Z(Th) 4+ 1)e (5.84)

The globalisation argument is classical except that we have to be careful with e”1PF: for
all t € [0, min(7%,77), we subdivide [0,¢] into 0 = Ty < T} < ... < Ty = t such that for
every i € {0, N — 1},

Tit
Ty — T+ / (VO pdt ~ c. (5.85)

The previous arguments give us that for all 7 € {0, N — 1},

def :
Yipr = HXE(x’D)Q€‘|Zw([Ti7Ti+1]7Cs—1) +2CI/07F6T1DFHX?AHLOO([T,',THl},CS)

D Tit1
Cunp@PF + [ [T0 )
< Cpr(Yi+1)e T; ., (5.86)
and by induction (using that ¢t = Ty) we get that:

def
Y(t) = X2, D)7 (0,9,05-1) + IX7 AL 0,1,09)

< X5 (@, DYl e 0., 001y + 20, ™ PP IXT e 0.0

t
fob In—aD VU ||pdt’
< C%,F(l —i—Y(O))eCuo,F(e OUF L 4 etV F)e/o VU

t
tD IVU| oot
< C’oCl],\g,FeCVO»FNe Fe/O ) . (5.87)

Finally, summing (5.85) for i € {0, N — 1} we obtain that:

1 t
N~Z <t+/ HVUEHLoodt’) .
Y 0

Substituting this in the previous result and estimating the oscillating part as before finally
gives that:

t
D VU, Loodtl
Y(t) S C(]BN (11’1 Cl/o,F + C,,mpet F)B/O H 5”

t t
QCVmFetDF <t+/ HVUEHLoodt/> / HVU&QG'HLoodtI
< Cpe 0 e/0

t
3CVO7F€tDF <t +/ HVU5HLoodt,>
0 .

< Coe (5.88)
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We can estimate the oscillating part: thanks to (3.24)

w‘?

1

t
3 5
/ ||VU€,OSCHL°°dtI < t4 ||VU€,OSCHL§L°° < COp(T7)1e2 <1,
0

if 0 < e < &g, with g¢ small enough, we end up with:

def
Y(t) - HXa(xaD)QeHEoo([o,ths—l) + HX?AHL“’([OJ},CS)

t
3C, ! (t sie | ||VU€,QG||Loodt')
O .

< Coe (5.89)

5.3 End of the proof

We are now able to conclude the argument started with (2.9). First, thanks to the
logarithmic estimate (5.47)

XA e +Y (1)
IVU. gcll~ < c(HQEHLQ + 1|92 e log (e + 1 4 ——22 TORTE )) . (5.90)
£ oo

Using that for any A, B > 0 the function x — zIn(A + %) is increasing on |0, oof,
and substituting (4.37), (5.38), (5.50) and (5.89) into the previous estimate, there exists
£0,Cr > 0 and M such that if condition (4.35) is satisfied, then for all ¢ < min(7;,T7),

t
D 3CV07F€tDF (t + 1+ / HVUe,quLoodt/)
VU qclle < Cr | 147 log (e+14Coe 0 )

t
< Cp (1 + PP log Co + 3Cy, pe® Pr (t+1 + / ||VU€7Qg||Loodt')>
0

t
< Cun D7 +3Cy 0P [ VU o=’ (5:91)
0
The Gronwall estimates then implies that for all ¢ < min(7%, 77 ),

2tD 2tD
IVUz qallze < Cuy ptePr 3 ple™ < ACu pleT, (5.92)

Remark 15 We can afford such a rough estimates as x < e®, because the precision is
forced by the term of size e

Following (2.9), for all ¢ < min(7.,77), we have V.(t) < K. = —2Ine and thanks to
(3.24):

€

t 2DpTY 2DpT.
Vo(t) = / VUt ||z dt! < (T2)ie® + 1040w FIEE5 < o ACu p T e "
0

< 2yIn(In]| ln6|)e4CV07F7 In(In [Ing|)(In | In g])2PF7 (5.93)
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If y is so small that 2Dpy < 1 and 4C,, py < %, as there exists a constant C' such that
for all z > e,

1n(x)e4CVo,F'Y In(z)a*Pr < Cez

we end up with:

Vo(t) < 29C|Inel? < (5.94)

m‘ﬁ

if £ is small enough, which is the bound announced in (2.10) that allows us to obtain
that T > T.'. The last part of the proof is done exactly as in [10]: indeed the non-local
operator is not a problem for L2-estimates. This concludes the proof of the theorem. W

6 Appendix

The first part is devoted to a quick presentation of the Littlewood-Paley theory. In the
second section we briefly recall general definitions for vortex patches and the last section
provides new properties for the operator I' and recalls the a priori estimates from [16].

6.1 Littlewood-Paley theory

In this section, C* is the usual Holder space, which can also be defined through the
Littlewood-Paley theory if s ¢ N (we refer to [17, 4] for a complete presentation of the
theory) :
s /(3 def s
CP={ueSR), |ullcs = sup 29| Aqu| e < o0},
>—

where A, is the classical dyadic frequency localization operator defined as follows : con-
sider a smooth radial function y supported in the ball B(0, %), equal to 1 in a neigh-

borhood of B(0,3) and such that r ~— x(r.e1) is nonincreasing over Ry. If we define

o) = X(%) — x(&), ¢ is supported respectively in the annulus C(0, 2, %

sub-annulus), and satisfiy that for all £ € R3,

) (equal to 1 in a

—1—290 T9¢) =1 andif £ #0, Zap T9g) = 1.

q>0 qE€Z
Then for all tempered ditribution we define :
e A = f_l(x(f)ﬂ(g)) and Vg < -2, A, =0,

o Vg>0, A,= f_l(gp(Q_q&)ﬂ(f)) and S,u = Z Apu = x(279D)u,
p<qg—1

e VgeZ, Ay=F(p279)u(¢)) and Syu = Z Apu = x(271D)u.
p<qg—1

Holder spaces are particular cases of inhomogeneous Besov spaces: C° = B3 where

0,007

def

— (ueS®), luls;, C 1" 1AulL),o lle < o0},
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The homogeneous Besov spaces are defined as follows:

def

By, ={ueS®), |uls © 1" 1Agulm),le <o}

qGZHfT

When the regularity index s is negative, another way to express the Besov norm involves
the operator S, instead of A, (for more details we refer to [4] Proposition 2.76 and to
2.31 for the homogeneous case):

Proposition 10 There exists a constant C' > 0 such that for all s < 0, p,r € [1,00] and
u, then u € By . if and only if
(2q3||5qu\|Lp)q271 el

Moreover, we have
1211 Squllze) ller ~ [l B, - (6.95)

Remark 16 Due to the supports, we easily obtain that
AN =ANA =0 if|j—1]>2 (6.96)

e For any functions f,g, and any o € {—1,0,1}, the product A,f.Aj1qg has its
frequencies in a ball of size 29.

e For any functions f, g, the product S,_1f.A,g has its frequencies in an annulus of
size 29.

We will end this section with the Bony decomposition, which comes from the fact that
for all distributions wu, v, we can write the product as follows:

uv = ( Z Aqu)( Z Aw).

g>-1 >—1

In fact, a more efficient way to write this product is the following Bony decomposition,
where we basically set three parts according to the fact that the frequency ¢ of w is
smaller, comparable or bigger than the frequency [ of v:

wo =Ty + Tyu + R(u,v), (6.97)
where
e T is the paraproduct : T,v = Zpﬁq—2 ApuAgv = Zq Sq—1ulgv,
e R is the remainder : R(u,v) = Z|p_q‘§1 Apul .

A similar decomposition can be defined with the homogeneous Littlewood-Paley opera-
tors.
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6.2 Vortex patches

We refer to [17] for a full description of the persistence of the vortex patches structure
in the case of the Euler system, to [25] and [39] for the case of the Navier-Stokes system,
and to [29] for the case of the inviscid Primitive Equations (v = v/ = 0). In the present
paper, we take here the same definitions of vortex patches and tangential regularity as
in [29] : a potential vortex patch will be defined with respect to the scalar potential
vorticity instead of the vorticity (rotational of the velocity). The potential vorticity is
called a vortex patch if it is the characteristic function of a regular open set :

Definition 1 We say that Qq is a vortex patch of class C* if, for some s €]0, 1],
Qo =Qo;1p + Qoelrs_p,
where Qg ; € C*(D), Q. € C*(R® — D) and D is an open bounded domain of class C**1.

In our results we will use estimates involving the tangential regularity with respect to a
set X of vectorfields :

Definition 2 If X = (X))x=1,.. n is a finite family of vectorfields we will say that this
family is admissible if and only if (x is the usual vector product in R3) :

4 def 2 —%
X7 (g o X x X)) <o
AN

If s €]0,1[ and X is an admissible family of vectorfields C* we define the space :

C*(X) = {w € L* such that X,(z,D)w d:efdiv(w ® X)) ec 1}
and as corresponding norm we take :

N
def _
[wllescey = Mlwllze + 11X e + > (IXalles + 1Xa (2, D)wllcs-1). (6.98)
A=1

Remark 17 We took here the same definition as in [29] for X (z, D)w which is a slightly
simplified formulation of the definitions from [17], or [39].

6.3 Definition and additional properties for the non-local operator I'
6.3.1 Product estimates

We refer to [16] for a study of operator I' where we give various formulations. This

operator is defined as
I'=AA (v0F + 005 + V' F?03).

First we decompose I' into its local and non-local parts:

I =Tp+ @—V)F*1—-F*)A?
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where we denote:

{FL =vd? +vd5+ (1 - F*v+ F2/') 83, (6.99)

A=32(-Ap) 2.
We also refer to [16] for the following expressions of A as singular or convergent integrals,

directly related to the alternative expression of homogeneous Besov norms involving finite
differences:

Af(z) = lim K(y)(f(z—y) — fx))dy

e—0 ly|>e

- %/R?’ K(y) (f(ﬂc—y) +f(z+y) —2f(x)>dy, (6.100)

where the kernel K is defined for all y € R? by (C is a universal constant):

20 yi 3
3 3°
P2 (0 + 3 + g203)

K(y) = (6.101)

The main feature of [16] was an estimate of the commutator of A with a lagrangian
change of variable (crucial to obtain the apriori estimates), but we also obtained the
following result that allows to consider commutators like I'(fg) — fT'g:

Proposition 11 ([16] Section 3.3.2) For any smooth functions f,g we can write:
A(fg) = fAg+gAf + M(f,9),

where the bilinear operator M is defined for all z € R? by:

M(f,g)(z)= | K@) (flz—y)—f(2)(9(z —y) —g(z))dy. (6.102)

RS

Moreover there exists a constant Cr such that for all f,g:

1M (f,9)llze < CrVIf oIV Fllze gl [Vgllze, (6.103)

In this article we will need more precise estimates where we can in particular, even if
M(f,g) = M(g, f), make the derivatives pound differently on f or g, which is the object
of the following result:

Proposition 12 There exists a constant C'r such that for all f, g and all p, p1, P, 7,7 €
[1,00] and n satisfying:

1 1 1
- =—+ I 1=- + >
p b1 P2 r
3
2—n— - €0,1],
then we have
1359w < Crllf sy sl 3y s (6.104)

P, p2,T
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Remark 18 In the present article we will use the previous proposition in the case p =
p1=p2 =00, r =00,7 =1 and for n = 2 — (s+) where s €]0,1[ and o > 0 is such that
s+ o < 1. In this case we end up with:

IM(f, )l < Crllfllgsze N9l gr-coven- (6.105)

Proof : let f,g be smooth functions. From the expression of the kernel, there exists a
constant Cr > 0 such that, thanks to the relations between the parameters:

1FC =) = FOllzz gl —y) = g0l gz

ly|>=n |y[>+n

=)= FOlm N7 (1 o= 1) =g s
= r </RS |y| =) = dy) (/}RS |y| @+ = dy) . (6.106)

If we denote s1 = 2—n—2 and sy = 24+n—2 then (2—n)r = s;7+3 and (2+7)F = so7+3.
Moreover s1 + so = 1 so if 1 — % <n<2-— % both regularity exponents are in ]0, 1[ and
we can use the following result

M)z < O [

Sl

Theorem 2 ([4], 2.36) Let s €]0,1] and p,r € [1,00|. There exists a constant C' such
that for any u € C},

u—uHLp

_ ||—
C 1”“”35” S H . ’y‘s

HLT(Rd;#) < CHUHBIS?’T'

This concludes the proof. B

6.3.2 A priori estimates

For the confort of the reader we state here the a priori estimates obtained in [16]. We
consider the following transport diffusion system:

9] NVu —Tu=F°,
¢+ v Ve = Lu (6.107)
Ulg=0 = U0
Let us introduce My;sc = ﬁ?ﬁ((s’yy,,)) .

Proposition 13 (LP-estimates) Assume that u solves (6.107) on [0, T] with ug € LP and
that |[v||pee s < C" (for some constant C') with divw = 0. Then there exists a constant
D (depending on F, My;s. and C') such that for all t € [0,T],

t
lull 2o L» < D*(lfuoll v +/ 1E4(7) || o dr). (6.108)
0

Theorem 3 (Smoothing effect) Assume that u solves (6.107) on [T}, T5] with v satisfying
dive = 0 and ||v|| ooy 1y),20) < €', w(Th) € LP, F¢ € L}, L (for p € [1,00]). There
exist two constants C and Cg such that if Ty — T7 > 0 is so small that:
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3
1

1. 2CC"(Ty, — Ty)1 < i,

C 22 [Vu(r)ll oo 1
2. e 1 —-1< STV

Then, for all v € [1,00], there exists a constant C, p > 0 such that for all t € [Ty, T5],

1 t
G <C, T F* dr ). 1
) el g < O (I@lls + [ 1P ) (6.109)

Remark 19 In the particular case r = 1,p = oo we obtain that:

t
vollullzs g, g,02) < CF <HU(T1)HLOO +/T HFE(T)HLoodT> : (6.110)
1

Theorem 4 (a priori estimates) Let s €] —1,1]. Assume that u solves (6.107) on [T, T5]
with v satisfying divv = 0 and [|v|| oo (17, 1], 16) < €7, w(T1) € By, . Assume in addition

that the external force term can be decomposed into Fé+G¢, with F¢ € L*([T1, ), B, o)
~ 2_

(for p € [1,00]) and G¢ € LOO([Tl,TQ],B;fgg 2) for r € [1,00] with s+ 2 €] — 1,1[. There

exist two constants Cy and C'r such that if Ty — Ty > 0 is so small that:

3
4

1. QCC/(TQ - Tl)i S I/O 5

C fr2 V()] oo

1< 1
1 - CFMvisc’

2. e
T
3. Ty =Ty + fo HVUHLoodT < C&VO
Then, there exists a constant Cy,, p > 0 such that for all v € [1,00] with s + 2 €] — 1,1]
and t € [T17T2],

1 1
Cor)llel, i, g.m528) < Gor <”“(T1)”Bsm FIE Nz .m0 F 516 i .52
(6.111)

The author wishes to thank R. Danchin, I. Gallagher, and T. Hmidi for useful dis-
cussions.
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